Abstract: Algae are higher-quality food resources than allochthonous plant litter for stream invertebrates, in part, because of their higher content of polyunsaturated fatty acids (PUFAs). We tested the hypothesis that algal biofilms on the surfaces of leaf litter improve the nutritional quality of terrestrial inputs for invertebrate shredders. We used a laboratory feeding experiment with 2 light levels (open and shaded) and 2 nutrient regimes (ambient and enriched) to manipulate the algal biofilms that form on leaf surfaces (Lophostemon confertus). We assessed how these treatments affected the fatty acid (FA) composition of these biofilms and the somatic growth of a stream invertebrate shredder (Anisocentropus bicoloratus, Trichoptera) that feeds on the conditioned leaf litter. Shredders reached a significantly larger size when nutrients were added, and leaf mass loss was significantly greater in these treatments than in treatments without nutrients. Shredder growth was affected significantly by leaf PUFA content, and variations in shredder PUFA content were consistent with those in leaf PUFAs. Our results suggest that high-quality algae attached to leaf litter regulated the PUFA composition and improved the somatic growth of these shredders. Our data provide evidence that the availability of high-quality algae enhances dietary use of low-quality riparian leaf litter in stream food webs.
The relative importance of allochthonous leaf litter and autochthonous algae for stream food webs has been debated for decades (Vannote et al. 1980 , Junk et al. 1989 ), but few investigators have considered the interaction between these 2 food sources and the consequent effect on their consumers. Leaf-litter conditioning by the heterotrophic microbial community (fungi and bacteria) is a major factor determining the fate of allochthonous material in food webs (Allan and Castillo 2007) . However, algae on leaf surfaces can stimulate heterotrophic activity and increase leaf-litter decomposition and, thus, may improve the nutritional quality of leaf material for invertebrates (Danger et al. 2013 , Kuehn et al. 2014 .
Algae are much higher quality food than allochthonous leaf litter for stream invertebrates because they have a higher content of polyunsaturated fatty acids (PUFAs), in particular ω3 PUFAs (Torres-Ruiz et al. 2007 , Lau et al. 2009 ). PUFAs are critical constituents for all biota in that they play an important role in regulating cell membrane fluidity and serve as precursors for animal hormones (Sargent et al. 1999) . However, most aquatic consumers are unable or have limited ability to synthesize PUFAs de novo and must obtain PUFAs from their food sources (Brett and Müller-Navarra 1997) . Diatoms and cryptophytes are considered high-quality food sources for aquatic invertebrates because they contain the long-chain ω3 PUFAs eicosapentaenoic acid (EPA; 20 ∶ 5ω-3) and docosahexaenoic acid (DHA; 22 ∶ 6ω-3) (Brett and Müller-Navarra 1997) . Cryptophytes also have high proportions of the short-chain ω3 PUFAs α-linolenic acid (ALA; 18 ∶ 3ω-3) and stearidonic acid (SDA; 18 ∶ 4ω3) (Brett et al. 2009 ). In contrast, higher plants often have a high proportion of saturated fatty acids (SAFAs), which are often used for energy storage and are preferentially catabolized by animals (Brett et al. 2009 ). Fungi and bacteria colonizing decomposing leaves can increase the nutritional quality of leaf litter by decreasing C ∶ N ratios and increasing protein content (Suberkropp 2001 , Manning et al. 2015 , Guo et al. 2016b . Nevertheless, this matrix of leaf-material fungi and bacteria lacks ω3 PUFAs because fungi are characterized by 16 ∶ 0, 18 ∶ 0, 18 ∶ 1ω9, and LIN according to studies done in terrestrial and marine ecosystems (Cooney et al. 1993, Stahl and Klug 1996) and bacteria are generally rich in 15 ∶ 0, 17 ∶ 0 and their branched derivatives, and vaccenic acid (18 ∶ 1ω7) (Desvilettes et al. 1997, Kainz and Mazumder 2005) . Therefore, the presence of high-quality algae attached to leaf litter probably provides physiologically important ω3 PUFAs for aquatic invertebrates.
Algal PUFA content is sensitive to environmental conditions (Guschina and Harwood 2009, Guo et al. 2015) . Few authors have referred specifically to the PUFA content of algae attached to terrestrial leaf litter, but in studies on phytoplankton and periphyton, low light levels generally result in higher PUFA content, whereas high light levels lead to lower PUFA content (Guschina and Harwood 2009) . Nutrient limitation leads to increasing cellular production of triacylglycerols (TAG) and decreasing proportions of PUFAs in most algae, whereas greater aqueous nutrient levels cause an increase in PUFA content (Guschina and Harwood 2009, Guo et al. 2016a) . Light intensity and nutrient enrichment positively affect algal abundance and production on leaf surfaces (Franken et al. 2005 , Albarino et al. 2008 , Danger et al. 2013 , Kuehn et al. 2014 ).
To date, few studies have considered the combined effect of light and nutrients on algae attached to leaf litter and their consequent effect on invertebrate consumers.
In stream ecosystems, macroinvertebrate shredders are responsible for up to 70% of the leaf-litter processing (Cuffney et al. 1990 ). Invertebrate shredders selectively choose conditioned over fresh detritus (Nolen and Pearson 1993, Connolly and Pearson 2013) , and select more nutritious leaves or patches on leaves by discriminating among leaf species and decomposition stages (Clapcott and Bunn 2003 , Leberfinger and Bohman 2010 , Fuller et al. 2015 . The nutritional function of fungi and bacteria on leaf litter for shredder growth has been widely studied, especially for fungi as the pioneer microbial decomposers (Hieber and Gessner 2002) . Benthic algae often are found on submerged leaf litter and are thought to be an important component of the leaf biofilm for invertebrates (Franken et al. 2005 , Albarino et al. 2008 , but the nutritional importance of algal biofilms for invertebrate shredders has yet to be reported.
Therefore, we conducted an experimental study in which we used different light and nutrient levels to assess the effect of PUFA content of algae attached to leaf litter on the somatic growth of stream invertebrate shredders. Preliminary examination of algal communities attached to leaf surfaces in our study showed that cyanobacteria, diatoms, cryptophytes, and green algae were present. Fungi also were observed. Therefore, we used ω3 PUFAs as a biomarker of high-quality algae, the sum of bacterial fatty acids (BAFAs) as a biomarker of bacteria, the sum of longchain SAFAs (i.e., 20 ∶ 0, 22 ∶ 0 and 24 ∶ 0) as a biomarker of terrestrial C (terrFA), and 16 ∶ 1ω7 as a biomarker of diatoms (Napolitano et al. 1994 , Torres-Ruiz et al. 2007 ) to explore the nutritional role of high-quality algae attached to leaf litter in invertebrate shredder growth. In addition to high proportions of long-chain SAFAs, living terrestrial leaf matter of vascular plants also contains relatively high levels of C18 PUFAs (i.e., LIN and ALA) but nondetectable highly unsaturated fatty acids (i.e., EPA and DHA) (Napolitano 1999 , Mills et al. 2001 . However, C18 PUFAs usually are lost when leaves are dead (Torres-Ruiz et al. 2010) . We used only dead submerged leaf litter in our study. Therefore, only long-chain SAFAs were used as the biomarker of terrestrial matter. We tested the hypotheses that: 1) nutrient enrichment would result in a greater content of ω3 PUFAs in leaf litter, and consequently increase shredder growth, and 2) open canopy (high light intensity) would lead to a lower content of ω3 PUFAs in leaf litter, which in turn would restrict shredder growth.
METHODS

Experimental design
We established 2 light levels (open and shade) and 2 nutrient regimes (ambient and enriched) in a 2 × 2 factorial design, resulting in 4 treatments, i.e., open canopy without added nutrients (O) , open canopy with added nutrients (O+N), shade canopy without added nutrients (S), and shade canopy with added nutrients (S+N). We conducted the experiments in individual aerated plastic containers filled with 700 mL of either natural stream water or nutrientenriched stream water. We used 6 replicates of each treatment with invertebrate shredders to assess the effect of algal PUFAs in leaf litter on shredder growth, 4 replicates without shredders as controls to evaluate the effect of leaf leaching on measured variables, and 3 replicates of each treatment without shredders to estimate the treatment effect on algal community composition attached to leaf surfaces.
We collected invertebrate shredders, Anisocentropus bicoloratus, (Trichoptera) and leaf litter from Lophostemon confertus (brush box) from a 25-m riffle in Stony Creek, a 4 th -order forested stream in the Brisbane River catchment in southeastern Queensland, Australia. The climate in this area is subtropical humid with hot wet summers and mild dry winters and an average annual rainfall of 1500 mm (Clapcott and Bunn 2003) . The major vegetation is dense, wet sclerophyll rain forest (Clapcott and Bunn 2003) , and Lophostemon confertus is one of the abundant tree species in this area. Submerged leaves of this species were collected randomly from the stream bottom. The color of submerged leaves ranged from green, brown, red-brown, to dark. Green leaves were those that had fallen into the stream most recently. Dark leaves were almost completely decomposed and were easily broken. We collected the brown and red-brown leaves and took them to the laboratory. Before the feeding experiment, we did an initial test to determine which type of leaf was preferred by the shredders. Most shredders chose the red-brown leaves, and thus, we used this type of leaf in the feeding experiment. We picked individuals of Anisocentropus bicoloratus from submerged leaf litter in streams and held them in stream water. The genus Anisocentropus is the only Australian representative of the family Calamoceratidae (sleeping bag caddis with the cases made from 2 leaf fragments) (Gooderham and Tsyrlin 2002) , and they are the most abundant shredders of allochthonous leaf litter in the study area (Clapcott and Bunn 2003) .
In the laboratory, we punched leaf disks (19.0 mm diameter) from the leaves, avoiding the midrib of each leaf, and blotted disks with Kimwipes TM to remove sediment from their surface. We estimated initial dry mass (DM) of leaf disks by regression analysis of wet vs freeze-dried mass of 40 replicate disks ( y = 0.99x -45.2, R 2 = 0.94). Meanwhile, we acclimatized the shredder larvae in the laboratory for 7 d before the feeding experiment in aerated stream water with a diet solely of conditioned Lophostemon confertus. We established a regression between ventral case length and freeze-dried mass with 80 replicate individuals (y = 0.27x -1.42, R 2 = 0.90). Larval ventral case length ranged from 5.0 to 13.0 mm, and pupae were found in cases with ventral case length from 12.0 to 15.0 mm. We used larvae with the same ventral case length (9.0 mm), which was the most abundant size group among all larvae, in the feeding experiment.
We used 4 metal halide lights (10000 K, 150 W; Abyss Aquarium, Sydney, Australia) to obtain the open-canopy treatment and 90% shade cloth under these lights to obtain the shade-canopy treatment. We checked light intensity at the water surface of each container with a light meter (LIN-250A; LI-COR, Lincoln, Nebraska) every other day. The light intensity was 114.13 ± 3.78 μmol m −2 s −1
(mean ± SE) in the open-canopy treatments and 21.13 ± 1.01 μmol m −2 s −1 in the shade-canopy treatments. We made enriched nutrient solutions by adding N as NaNO 3 and P as KH 2 PO 4 to stream water. The ambient NO x concentration in Stony Creek was 0.02 mg N/L, and soluble reactive P (SRP) was 0.012 mg P/L with an N ∶ P ratio of 1.67. The enriched NOx concentration was 1.08 ± 0.01 mg N/L, and SRP was 0.66 ± 0.00 mg P/L with an N ∶ P ratio of 1.63. The NH 4 -N concentrations of both ambient and enriched water were below the detection limit (0.01 mg N/L).
We put 50 leaf disks (mean DM = 3126.4 ± 0.4 mg) in each container with 10 shredders, and 1 leaf disk in each container without shredders. We assigned the 4 treatments randomly across containers. We applied a photoperiod of 12 ∶ 12 h light:dark and monitored water temperature throughout the experiment. We replaced either stream water or enriched nutrient water every 6 d. The experiment lasted 17 d from 12-28 August 2015.
Sample collection
After the experiment, we collected leaf litter for fatty acid (FA) analysis from each container and placed it in a −80°C freezer. We kept leaf litter for algal taxonomic identification in Lugol's iodine preservative and in the dark without refrigeration. We sampled invertebrate shredders carefully with their cases to keep their bodies intact, put each shredder in an individual vial, and immediately placed the vial in a −80°C freezer. Larval survival was high throughout the experiment, and we observed no mortality. Five larvae began to pupate during the experiment (2 in S+N and 3 in O+N), so these specimens were not included in the analysis.
Sample processing
We scrubbed algae gently off from the leaf surface with a spatula. We loaded a 1-mL subsample on a SedgwickRafter counting chamber for identification and enumeration under a light microscope (Leica DM4000; Leica, Wetzlar, Germany). We identified algae to the genus level at 400× magnification and stopped enumeration on a /cell basis when the most common taxon had a minimum of 23 units (trichomes, filaments, or colonies) or 40 squares had been counted on the counting chamber (Hötzel and Croome 1999) . The enumeration step was followed by examining the slide at 200× magnification for 200 squares of the counting chamber to identify algal taxa that were not previously observed (Entwisle et al. 1997) .
We freeze-dried all samples for FA analysis (VirTis Genesis Freeze Dryer; VWR International, Murarrie, Australia). We measured DM of leaf litter, and then homogenized the leaf litter to powder. We used 150 mg DM/sample for FA analysis. The DM of each shredder (without case) was measured on a microbalance (weighing capacity = 5.10 mg; Sartorius, Göttingen, Germany) and shredders from the same container were pooled. In total, we prepared 24 samples with a DM of 10 mg/sample for FA analysis. We extracted lipids according to a modified version of the methods presented by Kainz et al. (2010) . Briefly, leaf litter or shredder samples were extracted in chloroform: methanol (2 ∶ 1 volume/volume), and then the solution was sonicated, vortexed, and centrifuged 3 times to remove nonlipid materials. We used nonadecanoic acid (19 ∶ 0) as an internal standard. Extracted lipids were evaporated to a final volume (1.5 mL) under N 2 . We dispensed duplicate aliquots (100 μL each) into preweighed Sn cups for gravimetric assessment of total lipid content and stored the remaining extract at −20°C until the FAs were derivatized to FA methyl esters (FAMEs). For FAME formation, we used sulfuric acid in methanol (1 ∶ 100 mixture) as the methylation reagent, added toluene to the lipid extract, and incubated the solution for 16 h at 50°C in a water bath. Thereafter, potassium hydrogen carbonate and hexane were added, followed by shaking, vortexing, and centrifu- gation. We transferred the upper organic layer of the solution and added hexane again. We repeated this step twice. All layers containing FAME were pooled and concentrated under N 2 . FAs were analyzed as FAME on a gas chromatograph (Thermo Trace GC; Thermo Fisher Scientific, Waltham, Massachusetts; Heissenberger et al. 2010 ), identified by comparison of their retention times with known standards (37-component FAME mix, 47885-U, Supelco; Sigma-Aldrich, Bellefonte, Pennsylvania), and then quantified using 7-point calibration curves based on known standard concentrations (μg FAME/mg DM).
Data analysis
We evaluated the effects of light and nutrients on algal community composition, FA contents of leaf litter or shredders, and leaf mass loss or shredder growth with 2-way analysis of variance (ANOVA). We conducted multiple linear regressions to explore the relationships between shredder growth and leaf FA biomarkers. In addition, we assessed the relationship between leaf ω3 PUFAs and BAFAs in each treatment by correlation analysis. Data were log 10 (x)-transformed to approximate a normal distribution except that algal community composition data were √(x)-transformed. We conducted all statistical analyses in R (version 3.0.3; R Project for Statistical Computing, Vienna, Austria).
RESULTS
Variations in algal community composition on leaf surfaces
Algal community composition was dominated by cyanobacteria across the 4 treatments ( Table 1) . The proportion of cyanobacteria decreased and the proportion of diatoms increased as nutrients were added regardless of light intensity. The proportion of green algae increased with nutrient enrichment and light, but the light × nutrient interaction was not significant.
Variations in leaf FA content
The content of total FA and FA groups, i.e., total SAFA and total monounsaturated fatty acids (MUFAs), did not change in response to light and nutrients (Table 2 ). The combined effect of shade (negative) and added nutrients (positive) resulted in a significant increase of total PUFAs.
The content of individual PUFAs were significantly altered by light and nutrients (Table 2) . DHA, ARA, and ALA increased with nutrient enrichment, and LIN content increased with the interaction of shade and added nutrients.
The responses of FA biomarker content to light and nutrients were FA specific (Table 2 ). Nutrient enrichment increased ω3 PUFAs and 16 ∶ 1ω7. BAFA content increased with added nutrients and with the interaction of shade and added nutrients. The ω3 ∶ ω6 ratio was positively affected by light and nutrients, with the lowest value in the O treatment (open canopy without nutrient addition). However, light and nutrients did not affect terrFA content.
The correlation between ω3 PUFAs and BAFAs was significant in the S treatment (r = 0.83, p = 0.04), and nearly significant in the O treatment (open canopy without nutrient addition, r = 0.79, p = 0.06), but not significant in the nutrient-enriched treatments (O+N, r = −0.44, p = 0.38; S+N, r = 0.06, p = 0.91).
Shredder FA and growth
Light and nutrients did not lead to pronounced changes in the content of total FA and FA groups (total SAFA, total MUFA, and total PUFA) (Table 3 ), but did affect some individual PUFA and FA biomarkers in shredder body tissue. Content of ω3 PUFAs, ALA, DHA, BAFAs, 16 ∶ 1ω7, and the ω3 ∶ ω6 ratio increased as nutrients were added and showed no changes in response to light treatments or the interaction of light and nutrients. However, terrFA content decreased with nutrient enrichment and increased with shade.
The first multiple linear regression based on all leaflitter FA biomarkers (ω3 PUFAs, 16 ∶ 1ω7, terrFA, and BAFAs) as predictor variables of shredder growth showed that shredder growth was affected by the content of leaf FA biomarkers and accounted for 65% of the vari- ation in shredder growth (p < 0.001). Leaf ω3 PUFAs and 16 ∶ 1ω7 both increased shredder growth (p = 0.03 and p = 0.01, respectively), whereas terrFA was negatively related to shredder growth (p = 0.003). Leaf BAFA content had no significant effect on shredder growth (p = 0.53). A second multiple linear regression based only on algal biomarkers as the predictor of shredder growth showed that the high-quality algal biomarkers (ω3 PUFAs and 16 ∶ 1ω7) explained 43% of the variation in shredder growth ( p = 0.003). Nutrient enrichment led to a significant increase in shredder DM regardless of light intensity (p < 0.001, F = 115.44; Fig. 1 ). Nutrient-enriched treatments (O+N and S+N) were associated with larger shredder size and greater content of ω3 PUFAs, ALA, DHA, BAFA, and 16 ∶ 1ω7 in the conditioning leaf litter. In contrast, smaller shredder size and lower content of the above FAs on leaves were associated with the S treatment. In the O treatment, the content of these FAs were between those of S and S+N, but were associated with smaller shredder size.
Leaf mass loss
Leaf mass loss was higher with than without nutrient addition (p < 0.001, F = 95.59) (Fig. 2) but did not differ between light treatments. The regression relationship between leaf mass loss and shredder growth was significant (R 2 = 0.91, p < 0.001).
DISCUSSION
Our results suggest that high-quality algae attached to leaf litter boosted invertebrate shredder growth. The studied shredder, A. bicoloratus, obtained most of its energy by leaf consumption, but these organisms acquired and selectively retained their physiologically important FA from high-quality algae. Our study provides evidence that the availability of high-quality algae regulates invertebrate shredder growth and incorporation of low-quality leaf litter into aquatic food webs in stream ecosystems (Franken et al. 2005 , Brett et al. 2009 ). In our study, enriched nutrients led to an increase in leaf-litter ω3 PUFA content and rendered the leaf litter more nutritious for invertebrate shredders, which in turn enhanced shredder growth.
The total FA content was ∼12 to 15× higher in shredder body tissue than in leaf litter, indicating the nutritional importance of dietary lipids. The increases in content of ω3 PUFAs, DHA, ALA, and the diatom biomarker 16 ∶ 1ω7 in shredder body tissue as nutrients were added were consistent with changes in the leaf FA content. The FA composition of the stream net-spinning caddisfly larvae Hydropsyche sp. also varied with their food sources (Torres-Ruiz et al. 2010 ). Pearson and Connolly Table 2 . Means (±SE, n = 6) and analysis of variance (ANOVA) of light and nutrient effects on the log(x)-transformed content of leaf-litter fatty acid (FA) groups, essential FAs, and FA biomarkers. SAFA = saturated FAs, MUFA = monounsaturated FAs, PUFA = polyunsaturated FAs, EPA = eicosapentaenoic acid (20 ∶ 5ω-3), DHA = docosahexaenoic acid (22 ∶ 6ω-3), ARA = arachidonic acid (20 ∶ 4ω6), ALA = α-linolenic acid (18 ∶ 3ω3), LIN = linoleic acid (18 ∶ 2ω6), BAFA = sum of bacterial FAs (14.Me13, 14.Me12, 15 ∶ 0, 15.Me14, 16.Me15, 16.D.9.10, 17 ∶ 0, 17.1ω7, 18.D.9.10, 18.1ω6, and 18.1ω7 (2000) suggested that Anisocentropus sp. could assimilate more lipids from available leaf material when nutrients were supplemented. In our study, the content of total SAFAs, total MUFAs, and total PUFAs in shredder body tissue did not change as nutrients were enriched, but content of ω3 PUFAs, DHA, and ALA increased significantly. This finding suggests that Anisocentropus can selectively retain physiologically important FA for their somatic growth. The increased content of these FAs in shredder body tissue revealed increased ingestion or assimilation of high-quality algae. Variations in shredder FA content were reflected in their somatic growth, and shredders reached a larger size in the nutrient-enriched treatments. ω3 PUFAs from highquality algae can enhance invertebrate somatic growth and reproduction (Müller-Navarra et al. 2000, Wacker and von Elert 2001) and can stimulate energy-transfer efficiency to upper trophic levels (Kainz et al. 2004 , Gladyshev et al. 2011 . Total FA content in leaf litter was very low (Cargill et al. 1985) and accounted for only 1.6 ± 0.1% (n = 24) of leaf DM, but shredders acquired and selectively retained ω3 PUFAs. Increased nutrient levels led to increases in shredder size and ω3 PUFA content but decreases in terrFA content, results suggesting that terrestrial C may be preferentially catabolized, whereas autochthonous algae play an important role in invertebrate somatic growth and reproduction (Brett et al. 2009 ).
The fact that shade (S treatment) led to an increase in shredder terrFA content but was associated with smaller body size reflects the low nutritional quality of terrestrial C. A positive correlation between ω3 PUFA and BAFA was observed in the S treatment, which may indicate a Table 3 . Means (±SE, n = 6) and analysis of variance (ANOVA) of light and nutrient effects on the log(x)-transformed content of shredder fatty acid (FA) groups, essential FAs, and FA biomarkers. SAFA = saturated FAs, MUFA = monounsaturated FAs, PUFA = polyunsaturated FAs; EPA = eicosapentaenoic acid (20 ∶ 5ω-3), DHA = docosahexaenoic acid (22 ∶ 6ω-3), ARA = arachidonic acid (20 ∶ 4ω6), ALA = α-linolenic acid (18 ∶ 3ω3), LIN = linoleic acid (18 ∶ 2ω6), BAFA = sum of bacterial FAs (14.Me13, 14.Me12, 15 ∶ 0, 15.Me14, 16.Me15, 16.D.9.10, 17 ∶ 0, 17.1ω7, 18.D.9.10, 18.1ω6, and 18.1ω7 priming effect mediated by algae (Danger et al. 2013 , Kuehn et al. 2014 . Nutrient limitation can stimulate the production of C exudates by algae (Scott et al. 2008) , which constitute an important C source for bacteria (Rier et al. 2014) . Terrestrial dissolved organic matter [DOM]-driven bacterial production or recalcitrant terrestrial C barely support zooplankton growth and reproduction, with low growth rates and very low numbers of viable offspring compared with zooplankton feeding on algae (Brett et al. 2009 , McMeans et al. 2015 . These findings are supported by our data that leaf BAFA concentration did not affect shredder growth. Given that leaf-litter ω3 PUFA content was very low in the S treatment, shredders may have had to consume increased quantities of low-quality leaf litter to sustain somatic growth. Therefore, in our study, the smaller body size of invertebrate shredders in the S treatment could be attributed to low leaf ω3 PUFA content and the increased consumption of leaf litter. Franken et al. (2005) found that open canopies led to increased shredder growth, but the O treatment in our study was associated with smaller shredder size. This result could be a consequence of the lower ω3 ∶ ω6 ratios of the leaf litter in the O than in the other treatments. Food sources with lower ω3 ∶ ω6 ratios could restrict invertebrate somatic growth and reproduction (Ahlgren et al. 2009 ). As reported in other studies, food sources with very low ω3 ∶ ω6 ratios gave only slightly lower growth rates of stream invertebrates than did the food with the much higher ω3 ∶ ω6 ratios (Goedkoop et al. 2007 ). ω6 PUFAs are found mainly in green algae, cyanobacteria, or fungi (Stahl and Klug 1996, Brett et al. 2009 ). Cyanobacteria were the most abundant algal group on leaf surfaces in our study. They typically lack long-chain PUFAs (Napolitano et al. 1994 , Napolitano 1999 ) and negatively affect herbivore survival, population growth, and neonate size (Sarnelle et al. 2010 ).
The effect of fungi on invertebrate growth depends on different fungal assemblages (Cornut et al. 2015) , and fungal growth and production may be stimulated by algae under open-canopy conditions (Kuehn et al. 2014 ). The high abundance of low-quality algae contributed to smaller shredder size in the O treatment. However, previous work by Franken et al. (2005) suggested that open canopy led to increased shredder growth because of higher algal biomass and a composition consisting of more diatoms and less green algae. Combined with their findings, our results suggest that high-quality diatoms, rather than all algae, attached to leaf litter can stimulate shredder growth.
In addition to variation in FA composition, leaf mass loss increased significantly when nutrients were added (O+N and S+N treatments) . This finding is consistent with results from a whole-system nutrient-enrichment experiment in detritus-based streams (Cross et al. 2006 ). In our study, the positive nutrient-induced changes to leaf food quality, expressed as ω3 PUFA content, were associated with increased leaf mass loss and shredder growth. This observation adds further evidence that the nutritional quality of leaf litter can be enhanced by high-quality algae, and it appears that high-quality algae attached to leaf litter probably mediate the efficiency with which leaf litter is consumed by invertebrate shredders (Brett et al. 2009 ).
In our study, light intensity did not result in any significant changes in shredder growth and leaf-litter processing. This finding is probably attributable to the 2 light levels we used. Franken et al. (2005) found positive effects of light intensity on leaf mass loss and shredder growth, but they used 5 light levels, ranging from 0 to 156 μmol m −2 s −1 . They found significant differences in the comparison of treatments with light levels ≤5 and >100 μmol m −2 s −1
. The difference between the 2 light intensities (21 and 114 μmol m −2 s −1 ) in our study may have been too small to induce changes in algal ω3 PUFA and shredder growth.
In conclusion, our results suggest that high-quality algae attached to leaf litter regulated the FA composition and somatic growth of shredders. The presence of high-quality diatoms boosted shredder growth when nutrients were added. Invertebrate shredders may selectively allocate FA from terrestrial C for catabolism and retain the physiologically important FA from high-quality algae for somatic growth.
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